Although significant progress has been made in understanding the behavior of natural nanoparticles in Earth's critical zone (i.e., surface and near-surface environment), little is known about nanoparticle stability in higher-temperature environments where they are increasingly being found. Here we report the first direct observations of the thermal behavior of natural nanoparticles at near atomic scale, revealing that their thermal stability is dependent on particle size and on the surrounding host mineral. Native Au nanoparticles (mean diameter ϳ4 nm) incorporated in arsenian pyrite from refractory Au ores were observed under the transmission electron microscope during in situ heating to 650 ؇C. While isolated Au nanoparticles melt, with the melting point being a function of size, we show that when incorporated in arsenian pyrite, Au nanoparticles become unstable unless the nanoparticle size distribution coarsens by diffusion-driven, solid-state Ostwald ripening. This change in nanoparticle stability starts above 370 ؇C, setting an upper temperature and size limit for the occurrence of nanoparticulate Au in refractory sulfides. These findings not only provide new insights into the behavior of nanoparticulate Au and other metals during geological processes and throughout their metallurgical recovery from refractory ores, but also provide a new tool to define the thermal history of nanoparticlebearing geologic and planetary materials.
INTRODUCTION
Natural nanoparticles are attracting attention due to their unique role as agents of elemental transport and their increased reactivity in geologic systems (Hochella, 2002a (Hochella, , 2002b . The occurrence of native metal, oxide, sulfide, and silicate nanoparticles has been documented in a variety of low-temperature natural materials such as soils, sediments, and atmospheric aerosols, as well as in higher-temperature materials, including metal sulfide ores and meteorites (Lewis et al., 1987; Saunders, 1990; Anastasio and Martin, 2001; Palenik et al., 2004; Hochella et al., 2005; Waychunas et al., 2005) . The behavior of mineral nanoparticles in natural systems is still not well understood due to a lack of experimental evidence about their physico-chemical properties.
Although it is known that a decrease in particle size to the nanoscale level can promote phase instability due to the increase in surface energy (Halperin, 1986; McHale et al., 1997; Navrotsky, 2001) , information is needed on how nanoscale effects affect the occurrence of nanoparticles at temperatures typical of near-surface to deep-crustal conditions. We report here observations on the thermal stability of nanoparticles of native Au in refractory sulfides that provide important new insights into the conditions that limit the formation of nanoparticles in high-temperature geological materials. *E-mail: mreichm@umich.edu.
SAMPLES AND METHODS
Our observations were made on Au nanoparticles (AuNPs) in arsenian pyrite [Fe(S,As) 2 ], a mineral that is widespread in sediments, sedimentary rocks, and hydrothermal ore deposits that formed at temperatures as high as 350 ЊC. Arsenian pyrite is particularly abundant in Carlin-type and epithermal gold deposits (Hofstra and Cline, 2000; Cooke and Simmons, 2000) , where it is an important host for Au, much of which is invisible to conventional microscopy. Reich et al. (2005a) showed that Au speciation in arsenian pyrite is controlled by the Au/ As molar ratio, Au ϩ1 (solid-solution Au) being the dominant species for Au/As Ͻ 0.02. When this solubility limit is exceeded, nanoparticulate Au 0 occurs, and geologic and mineralogical evidence suggests that these nanoparticles precipitate from slightly supersaturated hydrothermal solutions at temperatures below 250 ЊC (Reich et al., 2005a) .
In order to test the stability of AuNPs as a function of temperature and particle size, in situ heating experiments were carried out on arsenian pyrite samples from Carlin-type deposits in Nevada. The analyzed samples contain highly dispersed native AuNPs having an average size of ϳ4 nm (bright spots in Fig. 1A ). Secondary ion mass spectrometry analysis and electron probe microanalysis of these pyrites reveal that Au (total ϳ8000 ppm) is contained in both Au 0 (nanoparticles) and Au ϩ1 (solid solution) (Reich et al., 2005a) . Arsenian pyrite grains were cut ultrasonically from 30 m polished thin sections, mounted on 3 mm Cu grids, and milled with an Ar ion beam (4.0 keV, Ͻ30 min/sample). Samples were placed on a regular double-tilt heating holder connected to a Gatan Smart Set Model 901 Hot Stage Controller, which allows controlled heating of the sample between 25 ЊC and ϳ800 ЊC. Temperature was raised manually during observation. In situ examination was carried out using high-resolution transmission electron microscopy (HRTEM) coupled with a high-angle annular dark field detector with scanning transmission electron microscopy (HAADF-STEM) that allows average atomic mass (Z) contrast imaging at nanoscale (Utsunomiya and Ewing, 2003) . Sample changes during heating were recorded live using a digital image capture system, and image processing, including Fast Fourier Transformation and particle size analysis, was completed using Gatan Digital Micrograph 3.4. No sample alteration due to electron beam irradiation was noted during TEM examination (sample irradiation tests were undertaken according to Palenik et al., 2004) .
IN SITU TEM HEATING EXPERIMENTS
In situ HAADF-STEM observations show that AuNPs (bright spots on the darker arsenian pyrite matrix) remained unchanged from room temperature (Fig. 1A ) to ϳ370 ЊC, where the smallest Au particles (Ͻ2 nm) start to dissolve into the pyrite matrix (Data Repository Video DR1 1 ). At 390 ЊC (Fig. 1B) , coarsening of some larger particles (ϳ8 nm) is noticeable, although the most evident changes in nanoparticle size and distribution are observed above 400 ЊC. Above this temperature, larger AuNPs grow at the expense of the smaller ones (Fig.  1C) . AuNPs remain immobile during heating and no coalescence (where two larger particles combine) is observed. At 550 ЊC, the upper temperature limit of this heating experiment, only 3 nanoparticles (ϳ30-35 nm) survive in the area of observation, replacing the initial 115 of average size ϳ4 nm ( Fig. 1D ; Video DR1). It is likely that further heating would have caused these three particles to merge into a single larger one, although this could not be confirmed because of technical limits of the heating system. Upon cooling from 550 ЊC to room temperature, these larger particles remain unchanged, indicating that coarsening of Au nanoparticles is irreversible. The discrepancy between the Au budgets of large particles with respect to the small particles from which they grew (i.e., more Au contained in the larger particles than in the initial small particle distribution) is the result of solid-solution Au remobilization during the heating experiment.
Insight into the mechanism by which the nanoparticles dissolve into pyrite is obtained using HRTEM on a faceted ϳ15 nm AuNP with a pronounced crystallographic relationship between particle faces and host mineral (Fig. 2A) . During heating this AuNP shows no apparent variations in size or shape until ϳ440-450 ЊC, when it starts to decrease in size and crystal facets become irregular ( Fig. 2B ; Video DR2). Between 480 and 550 ЊC, the AuNP continues to shrink, and its edges are no longer aligned parallel to specific crystallographic di- rections (Figs. 2C, 2D ; Video DR3). At 550 ЊC, it is dramatically reduced in size (Figs. 2D-2H ) and finally dissolves completely ( Fig. 2I ; Video DR4). When two AuNPs of different sizes (ϳ50 nm and ϳ25 nm) in close proximity are heated above 600 ЊC (under HRTEM mode), the smaller AuNP progressively decreases in size with increasing temperature until it disappears completely at 650 ЊC (Figs. 3A-3D ; Video DR5).
THERMAL STABILITY OF Au NANOPARTICLES
It is well known that the melting temperature of bulk Au (1064 ЊC) decreases significantly when particle dimensions are reduced to the nanoscale. Therefore, an ϳ3-nm-diameter Au particle can melt at temperatures as low as ϳ500 ЊC, due to the increase in the surface/volume ratio (Buffat and Borel, 1976; Ercolessi et al., 1991; Lewis et al., 1997 ). However, our particle size versus temperature data show that larger AuNPs grow at the expense of the smaller ones in a solid-state, Ostwald-type ripening process (Fig. 4 , lower curve) before they reach the size-dependent melting points of isolated AuNPs (Fig. 4, upper  curve) .
The lower (coarsening) curve in Figure 4 sets an upper temperature limit for the stability field of AuNPs in arsenian pyrite (field 1, dark gray). At any temperature above this limit (field 2), AuNPs will not be stable unless coarsening occurs (see arrow direction in Fig. 4) . The difference between the melting temperature of isolated AuNPs (upper curve) and the temperature at which complete dissolution of AuNPs into the surrounding pyrite occurs (lower curve) is influenced by (1) the energy gain due to dissolution of AuNPs into the surrounding matrix, (2) the energy loss of disrupting the former AuNP-host interface, and (3) the loss of intra-AuNP interactions. Even though we cannot make a clear distinction between these contributing factors using the measurements presented in this paper, we can say that the energy gain due to dissolution (1) outweighs the energy-loss contributions of 2 and 3. The stability of AuNPs as a function of size and temperature, as shown here, not only reflects the thermo-physical properties of the AuNPs, but also the physico-chemistry of the AuNP-host interaction. A few studies have suggested that the nature of the nanoparticle surroundings can have a profound impact on nanoparticle stability (Zhang et al., 2003; Gilbert et al., 2004) . From the particle sizetemperature data in Figure 4 , we conclude that the surrounding sulfide host plays an important role in promoting solid-state dissolution of AuNPs before a solid→liquid phase transition occurs. Results from our heating experiments provide a constraint on the upper temperature limit of the stability of AuNPs in arsenian pyrite and valuable information on the nature of the physico-chemical processes operating during heating. Two distinctive features are observed during the dissolution of AuNPs: (1) the faster disappearance of the (100) Au faces [apparent as (200) diffraction maxima in Fig. 2A ] than the (111) faces as the Au nanoparticle shrinks (Figs. 2A-2C ) and (2) the development of a dark-contrast halo around the AuNP (Figs. 2B-2H ). Both observations document the important role of diffusion during heating of AuNPs. Molecular dynamics simulations on pyriteencapsulated Au clusters show that (111) faces are more stable than (100) faces upon heating (Reich et al., 2005b) , consistent with previous reports on isolated AuNPs (Carnevali et al., 1987) . Thus, the preferential detachment of Au atoms from (100) faces over (111) faces, followed by diffusion throughout the matrix and reattachment to larger particles, accounts for the observed changes in nanoparticle shape and size during heating experiments (Figs. 1-3 ). This interpretation is supported by the presence of dark halos of diffraction contrast that develop around the AuNP upon heating (Figs. 2B-2H ) that may be the result of highly concentrated Au atoms dissolved in the pyrite matrix or pyrite lattice strain effects, as reported for Fe 0 nanoparticles in Al 2 O 3 (Fei et al., 2002) .
CONSTRAINTS ON THE NATURAL OCCURRENCE OF NANOPARTICULATE METALS
Naturally formed nanoparticles are subject to size and host effects that alter their thermal stability and, therefore, their occurrence in the geologic record. Our observations reveal that AuNPs in arsenian pyrite remain stable until they start to coarsen into larger particles above ϳ370 ЊC. Hence, our observations set a constraint on the upper temperature limit of occurrence of AuNPs in arsenian pyrite in hydrothermal systems, a result that agrees with empirical evidence about the distribution of nanoparticulate Au in hydrothermal Au deposits (Mumin et al., 1994; Cooke and Simmons, 2000; Palenik et al., 2004) . Although the empirical coarsening curve in Figure 4 defines an upper limit for nanoscale Au stability (under experimental TEM observation), its dependence on other variables such as heating rate, pressure, As content of pyrite, and diffusion time scale has to be evaluated in future studies.
For any AuNP-bearing mineral, the position of the coarsening curve of AuNPs in temperature-particle size space will depend on the solubility of Au within its host. Therefore, as a first approximation, the coarsening curve in Figure 4 will shift upward if AuNPs are incorporated in a mineral host where Au is less soluble than arsenian pyrite. In the limiting case, if Au is insoluble in a certain mineral host (e.g., Au in a silicate phase), AuNPs will respond to increased temperature by melting instead of coarsening. However, AuNPs will easily dissolve within host phases such as, e.g., Ag-Cu alloys, where Au miscibility is high. In this case, the coarsening curve will shift downward.
Our results show that nanoparticulate metals, usually thought to be prevalent in low-temperature (T Ͻ100 ЊC) aqueous environments, can also occur and remain stable at higher temperatures in well-defined temperature-particle size limits. Independent of the nature of the nanoparticle-host system studied, the methodology presented here is a novel tool to evaluate the thermal history of nanoparticle-bearing geologic materials. As the mean particle size of a particular nanoparticle distribution sets an upper limit of stability, T versus particle size (nm) stability diagrams can be used to estimate the maximum temperature of the host rock.
In addition, these observations may also have an impact on the metallurgical recovery of Au and other noble metals in refractory sulfide ores. AuNPs constitute a significant fraction of the invisible Au in refractory pyrite and arsenopyrite in these ores. Currently, refractory Au ores are oxidized first in order to render the Au accessible to chemical leach (La Brooy et al., 1994) . A better understanding of the temperature behavior of the nanoparticulate Au encapsulated in the refractory sulfides during pressure (ϳ170-225 ЊC) or oxidizing roasting (ϳ650-700 ЊC) may lead to more cost-effective methods for metal recovery.
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